Introduction
The role of eosinophils in host defense and disease remains controversial, and the debate continues as to whether or not these cells are active participants or simply bystanders in various pathophysiologic states. This is particularly so with respect to disease caused by helminthic parasites. While it would seem logical to assume that eosinophils should provide a measure of host defense against these important and endemic infections, as they are elicited in large numbers in response to helminth infection, and they degranulate on and cause damage to various forms of the parasitic helminthes in various in vitro settings, the results from numerous experiments performed in vivo have been equivocal 1 -3 .
The cytokine-mediated pathogenesis of the well-characterized mouse model of helminth infection, Schistosoma mansoni, has been described in great detail 4 -7 . This infection includes a prominent Th2 phase, resulting in an increase in serum interleukin-5 (IL-5) in response to egg deposition in the portal circulation at week 6 -8 after exposure to waterborne cercariae. Increased serum IL-5 results in massive bone marrow and blood eosinophilia. Eosinophils are recruited specifically to the developing liver granulomata, the site of active inflammation and tissue remodeling. Several eosinophil components implicated in debris scavenging and tissue remodeling activity include the eosinophil peroxidase 8 , the ribonucleases 9 , matrix metalloproteinases 10 , and the protease inhibitor, plasminogen activator inhibitor-2 (PAI-2) 11 . Eosinophils may also play an important role in maintaining the Th2 response to infection via secretion of endogenous IL-4 12, 13 .
Several groups began the exploration of the role of eosinophils in host defense against helminth disease in vivo by utilizing anti-IL-5 and anti-IL-5 signaling blockade strategies 14 -18 . Since that time there have been many peer-reviewed manuscripts published (see reviews [1] [2] [3] ) documenting the results of in vivo trials with different treatment strategies, pathogens employed and overall perspectives, with no clear consensus emerging. There are many reasons for the lack of clarity. One of the major observations in these studies that may confound the interpretation of the role of eosinophils in disease is that while all of the anti-IL-5 approaches do result in moderate only.
For personal use at PENN STATE UNIVERSITY on . bloodjournal.hematologylibrary.org From 4 to profound degrees of eosinophil depletion, IL-5 ablation does not eliminate the eosinophil lineage entirely 19 . Thus, eosinophil accumulation, albeit reduced, is still a feature of disease. Furthermore, the confounding effect of removing IL-5, as opposed to removing eosinophils directly, remains a significant consideration 19 -22 . Notably, eosinophils have been shown to contribute to the pathogenesis of asthma and in mouse models of this disorder independently of IL-5 23, 24 .
In this manuscript, we explore the role of eosinophils in the pathogenesis of helminth infection by utilizing two novel models of complete eosinophil lineage ablation 25, 26 . The ∆ dblGATA mice contain an engineered deletion of a palindromic double enhancer binding site for GATA proteins in the region 5' to the 1E exon of the gene encoding GATA-1, and are reported as devoid of eosinophils both at baseline and in response to cytokine challenge, without reported effects on hematopoietic lineages 25 . In the TgPHIL model, the lineage-specific eosinophil peroxidase promoter directs the expression of diphtheria toxin A transgene, resulting in the suicide-inactivation of differentiating eosinophils, again leading to mice devoid of eosinophils 26 . By employing both models, the specificity of the eosinophil-mediated contributions to helminth disease can be determined.
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Detection of Th2 cytokines in serum response to S. mansoni infection. Interleukin-5 was detected at 151 ± 27 pg/ml in the infected BALB/c mice and at 561 ± 47 pg/ml in the infected ∆ dblGATA mice at week 7 of infection (3.7 fold difference, *p < 0.001, Figure   3A) . Similarly, interleukin-5 was detected at 128 ± 2 pg/ml in infected C57BL/6 mice and 551 ± 20 pg/ml in infected TgPHIL mice at week 8 of infection (4.3 fold difference, * p < 0.001, Figure 3B ). These elevated serum IL-5 levels in the eosinophil lineageablated mice persisted through week 11; no IL-5 was detected in sera from any uninfected mice. Interleukin-4 was detected in sera from infected mice only; no differential expression in wild type vs. eosinophil lineage-ablated mice was observed (Figures 3C and 3D) . The fraction of IL-5-producing CD4
+ T lymphocytes present in liver tissue of infected wild type and eosinophil lineage-ablated mice varied [ Table 1 
Analysis of liver enzymes in serum.
We observed ~5-fold and ~3-fold elevations in serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST), respectively, in response to S. mansoni infection, but no statistically significant differences between the infected wild type and infected eosinophil lineage-ablated mice were detected [ Table 3 ]). The transaminases remain elevated through week 11, although at diminished levels throughout, and without any consistent, eosinophil-dependent pattern.
Minor elevations over baseline levels (1.4 -fold) were observed for lactate dehydrogenase in response to infection among the BALB/c and ∆ dblGATA mice only.
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Quantitation of parasites and eggs in wild type and eosinophil-deficient mice.
Although there were clearly more total worms present overall in the C57BL/6 and TgPHIL mice, no eosinophil-dependent effects could be discerned [ Table 4 response to helminth infection 14 -18 . Among the earliest of these studies, Sher et al. 7.5% eosinophils as compared to 55% in the wild type; many argued that it was possible that even a few eosinophils could provide substantial protection. Indeed, residual tissue eosinophilia (that remaining after attenuation of the effects of IL-5) has been shown to contribute to remodeling of the airways in asthmatic patients and to contribute to functional changes in airway responsiveness in mouse models of disease 37 -41 .
Furthermore, neither of the aforementioned studies could eliminate the confounding factor of removing the cytokine IL-5 from the overall pathophysiologic picture.
In this work, we explore the role of eosinophils using the traditional parameters for determining their role in anti-helminth host defense, which involve enumeration of worms, eggs and granulomatous responses, deriving largely from the early appreciation of eosinophils in their "kamikaze" roles in vitro 42 , as they degranulate and ostensibly reduce the number of organisms and their byproducts via the actions of secretory toxins 43 -45 . Using these functional parameters in the eosinophil-lineage ablated ∆ dblGATA and only.
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TgPHIL mice, we find that eosinophils have no impact on worm burden, no impact on egg deposition, or on granuloma formation other than the eosinophil depletion itself.
Among the issues and caveats to be considered in the interpretation of these results, it is important to note that there are clear and discernible differences between human and mouse eosinophils. Among the major distinctions between human and mouse eosinophils, one must consider the evolutionary divergence of the secretory ribonucleases 46 , the presence (in human) or absence (in mouse) of Charcot-Leyden crystal protein (galectin-10) 47 and perhaps most important, the differences in propensity to degranulate 42, 48 . As such, human and mouse eosinophils may not have interchangeable roles in health and disease. Similarly, while it can use the mouse effectively to complete the mammalian phase of its life cycle, S. mansoni is not strictly a natural rodent pathogen. However, it is clear that human and mouse eosinophils do play important roles in immune responses independent of their ability to degranulate, as they also regulate T cell responses directly and secrete of a range of pro-inflammatory mediators and cytokines 49 -52 , including the recent report by Voehringer et al. 53 indicating that eosinophils play a role in the prevention of secondary infection in the Nippostrongylus brasiliensis infection model.
An evaluation of these eosinophil-mediated activities in the setting of acute and/or chronic schistosome infection is certainly worthy of further consideration.
However, if eosinophils are in fact playing some as yet to be identified role in the pathophysiology of helminth infection, what exactly might that be? Eosinophils are recruited specifically to the granulomata in response to Th2 stimuli, and they form significant component of this structure; as shown in this manuscript, 30 -50% of the cells at week 11 are eosinophils. Granulomata are generally understood as protective; mice with structurally-insufficient granulomata can develop acute hepatotoxicity in response to infection 54 . Yet eosinophil depletion alone has apparently minimal impact in the acute setting. We observe weight loss at 6 -9 weeks among infected ∆ dblGATA mice (Supplemental Table 1 [37] [38] [39] [40] [41] 55 (nb: that occurs without active degranulation in mouse models). The role of IL-5 and potentially eosinophils in hepatic fibrosis in schistosome disease has already been noted at later time points than those addressed in this study 56 . Alternatively, the role of eosinophils as antigen presenting cells has been considered in the literature [57] [58] [59] , and has only recently been explored in the context of helminth infection 60 .
In summary, using two distinct models of eosinophil lineage-ablation, we find that eosinophils have no direct impact on traditional measures of helminth disease in the wellcharacterized mouse model of S. mansoni infection. However, the recruitment of large numbers of eosinophils to the granulomata in both man and mice suggests that this is very unlikely to be a redundant process. A detailed temporal and metabolic analysis may be required in the wild type and eosinophil-ablated models to disclose discrete and subtle immunomodulatory contributions of this granulocyte to the disease process. Table 2 . Properties of liver granulomata of S. mansoni-infected mice. Analysis based on measurements from >100 granulomata (n = 8 -13 mice per group) from Giemsa stained liver tissue; methodology as described [28, 29] . 
